We demonstrate an integrated distributed feedback (DFB) laser array as a dual-wavelength source for narrowband terahertz (THz) generation. The laser array is composed of four heterogeneously integrated III-V-on-silicon DFB lasers with different lengths enabling dual-mode lasing tolerant to process variations, bias fluctuations, and ambient temperature variations. By optical heterodyning the two modes emitted by the dual-wavelength DFB laser in the laser array using a THz photomixer composed of an uni-traveling carrier photodiode (UTC-PD), a narrow and stable carrier signal with a frequency of 0.357 THz is generated. The central operating frequency and the emitted terahertz wave linewidth are analyzed, along with their dependency on the bias current applied to the laser diode and ambient temperature. Among future applications of sub-millimeter waves, THz wireless communication is considered as an excellent candidate to meet the rapidly increasing demand for broadband wireless networking, due to its inherently higher bandwidth compared to microwave solutions [1, 2] . In terms of continuous wave (CW) THz carrier signal-generation techniques, optical heterodyning of two wavelengths in an uni-traveling carrier photodiode (UTC-PD) is one of the most promising approaches [3] . For communications applications, the spectral purity of the carrier signal is a key point. Indeed, in the photomixing case, the characteristics of the THz signal heavily rely on the spectral purity and frequency stability of the used lasers. Moreover, in order to realize a compact THz wireless transmitter operating at high bit rates, highspeed optical modulators and a UTC-PD also need to be integrated in the transmitter. To tackle this challenge, photonic integration allows integrating such devices on a single chip, improving the cost and compactness. Silicon photonics is an attractive platform for such integration given the high-volume manufacturing capability. In this Letter, we demonstrate a dual-wavelength laser integrated on a silicon photonics platform. The combination of two discrete free-running lasers as an optical beat source has been demonstrated for THz generation [4] , but this approach suffers from limited spectral purity of the beat note and is prone to long-term drift of its frequency. On the contrary, monolithically integrated dual-wavelength lasers, which are compact, costeffective and experience similar environmental fluctuations leading to a reduction of the drift of the THz signal, have been shown to be efficient solutions. Recently several structures including spectrum tailored semiconductor Fabry-Perot (FP) lasers [5] , multisection distributed feedback (DFB) lasers [6, 7] , two independent lasers on a chip with optical combiners [8-10] and dual-wavelength single-cavity lasers [11, 12] have been demonstrated. The spectrum of the FP is tailored through local etching of the guide leading to a poor side-mode-suppression ratio (SMSR). The generated THz signal is not really clean with a lot of mode hops [5] . The multisection structure with one phase [6] or distributed Bragg reflector (DBR) section [7] between two DFB lasers have shown great potential for tunability. However, the need for multiple injection currents makes the control more difficult, which can again result in instability of the generated THz signal. Although a multi-wavelength laser with an arrayed waveguide grating (AWG) as an intracavity filter has achieved a narrow linewidth of 130 kHz [8, 9] , this structure is quite complex. Moreover its operation was limited to a beat note not exceeding 90 GHz, therefore limiting the potential data rate. The device would be greatly simplified if the two wavelengths are generated simultaneously in a simple single cavity structure [13] . In this report, we report a single-cavity-based dual-mode III-V/silicon DFB laser using which a stable and narrowband THz signal at 0.357 THz is generated through optical heterodyning in a UTC-PD. The THz signal shows a good tolerance to temperature and injection current variations. It is worth noting that the dual-mode laser is one device from a four-channel laser array that is designed to be able to generate a THz signal taking into account processing variations, bias current variations, and temperature fluctuations. The integration on a silicon platform paves the way toward a fully integrated on-chip THz transmitter. The DFB laser array is fabricated by heterogeneously integrating a III-V layer onto the silicon waveguide circuit containing the distributed feedback gratings through adhesive wafer bonding technology. The heterogeneous integration technology is described in detail in [14] .
Among future applications of sub-millimeter waves, THz wireless communication is considered as an excellent candidate to meet the rapidly increasing demand for broadband wireless networking, due to its inherently higher bandwidth compared to microwave solutions [1, 2] . In terms of continuous wave (CW) THz carrier signal-generation techniques, optical heterodyning of two wavelengths in an uni-traveling carrier photodiode (UTC-PD) is one of the most promising approaches [3] . For communications applications, the spectral purity of the carrier signal is a key point. Indeed, in the photomixing case, the characteristics of the THz signal heavily rely on the spectral purity and frequency stability of the used lasers. Moreover, in order to realize a compact THz wireless transmitter operating at high bit rates, highspeed optical modulators and a UTC-PD also need to be integrated in the transmitter. To tackle this challenge, photonic integration allows integrating such devices on a single chip, improving the cost and compactness. Silicon photonics is an attractive platform for such integration given the high-volume manufacturing capability. In this Letter, we demonstrate a dual-wavelength laser integrated on a silicon photonics platform. The combination of two discrete free-running lasers as an optical beat source has been demonstrated for THz generation [4] , but this approach suffers from limited spectral purity of the beat note and is prone to long-term drift of its frequency. On the contrary, monolithically integrated dual-wavelength lasers, which are compact, costeffective and experience similar environmental fluctuations leading to a reduction of the drift of the THz signal, have been shown to be efficient solutions. Recently several structures including spectrum tailored semiconductor Fabry-Perot (FP) lasers [5] , multisection distributed feedback (DFB) lasers [6, 7] , two independent lasers on a chip with optical combiners [8] [9] [10] and dual-wavelength single-cavity lasers [11, 12] have been demonstrated. The spectrum of the FP is tailored through local etching of the guide leading to a poor side-mode-suppression ratio (SMSR). The generated THz signal is not really clean with a lot of mode hops [5] . The multisection structure with one phase [6] or distributed Bragg reflector (DBR) section [7] between two DFB lasers have shown great potential for tunability. However, the need for multiple injection currents makes the control more difficult, which can again result in instability of the generated THz signal. Although a multi-wavelength laser with an arrayed waveguide grating (AWG) as an intracavity filter has achieved a narrow linewidth of 130 kHz [8, 9] , this structure is quite complex. Moreover its operation was limited to a beat note not exceeding 90 GHz, therefore limiting the potential data rate. The device would be greatly simplified if the two wavelengths are generated simultaneously in a simple single cavity structure [13] . In this report, we report a single-cavity-based dual-mode III-V/silicon DFB laser using which a stable and narrowband THz signal at 0.357 THz is generated through optical heterodyning in a UTC-PD. The THz signal shows a good tolerance to temperature and injection current variations. It is worth noting that the dual-mode laser is one device from a four-channel laser array that is designed to be able to generate a THz signal taking into account processing variations, bias current variations, and temperature fluctuations. The integration on a silicon platform paves the way toward a fully integrated on-chip THz transmitter.
The DFB laser array is fabricated by heterogeneously integrating a III-V layer onto the silicon waveguide circuit containing the distributed feedback gratings through adhesive wafer bonding technology. The heterogeneous integration technology is described in detail in [14] . The 3D layout of the laser cavity and a longitudinal cross-section of the laser geometry are depicted in Fig. 1 . The laser mode is predominantly confined in the active III-V waveguide, while the evanescent tail feels the silicon grating underneath. Optical coupling from the III-V waveguide layer to the silicon waveguide layer is realized using a III-V/silicon spot-size converter structure. The structure is described in more detail in [15] . In this work, two variables are assessed in order to reach dual-mode operation: the laser cavity length and the position of the λ∕4 phase shift. Using a λ∕4 phase shift located in the middle of the device, the DFB laser will exhibit single-mode lasing operation at the Bragg wavelength. However in our case, the λ∕4 phase shifter is placed strongly asymmetric in the first-order gratings. The asym-
The normalized threshold gain (g th L) for the two bandedge modes positioned symmetrically on either side of the grating stop band and that of the defect mode located in the middle of the stop band versus AR and L are calculated according to the method in [16] , as shown in Fig. 2 . In the simulation, a DFB structure with two nonreflecting ends is assumed and a coupling strength of 76.9 cm −1 is used, as was extracted from the experimental results, which will be described later. From Fig. 2(a) one can see that in the symmetric device (AR 0.5), the defect mode has the lowest threshold, as expected. The situation changes however when the asymmetry becomes larger, in which case the two band edge modes have the lowest threshold with the limiting case of a defect-free DFB laser (AR 1). A plateau in the normalized threshold gain can be observed for AR ranging from 0.81 to 0.93. Figure 2(b) shows g th L as a function of L for three different values of AR. While both band edge modes have the same threshold gain, this does not necessarily mean that the laser will work in dual-mode regime. For that to occur, both wavelengths should also experience the same gain, i.e., both modes should lie symmetrically around the material gain peak wavelength. This gain peak wavelength, however, shifts to shorter wavelengths with higher carrier injection. This gives us a degree of freedom to achieve dual-mode lasing: by changing the threshold gain of the band edge modes (using L and AR), dual-mode operation can be obtained by exactly placing the gain peak in between the two modes. Since the exact position of the gain peak is difficult to control during III-V layer growth, a set of lasers are to be integrated with different L and AR, such that one of them shows dual-wavelength operation under particular conditions of temperature and bias current. In our experiment, a 4-channel DFB array was fabricated in which the laser length varied between 392 and 343 μm, while the asymmetry ratio was chosen in the region of the plateau (AR between 0.81 and 0.93) in Fig. 2 .
The optical spectra of these four devices at an injection current of 100 and 140 mA, respectively, are shown in Figs. 3(a)-3(d) . The temperature during this experiment was fixed at 15°C. The longest device lases at the longer wavelength band-edge mode, while the shortest device lases at the short-wavelength band-edge mode. This is due to the shift of the gain peak toward shorter wavelengths as the threshold gain increases when the cavity length is reduced. At 100 mA, current DFB No. 3 shows dual-mode behavior, with a wavelength spacing of 2.78 nm (corresponding to a grating coupling strength of 76.9 cm −1 ). At 140 mA, the power imbalance between both modes increases again due to a red-shift in the gain peak due to self-heating of the device. The temperature of the laser can also be used as a parameter to obtain dual-wavelength behavior. This is illustrated in Fig. 3(e) showing dual mode behavior of DFB No. 4 at 29.5°C and 140 mA, with a spacing of 2.74 nm. The experimental setup for THz generation is presented in Fig. 4 and consists of two key components: the III-V/silicon dual-mode DFB laser (device No. 3) from the laser array denoted as device under test (DUT) and an optimized UTC-PD with a monolithically integrated transverse-electromagnetic-horn-antenna (TEM-HA) [17] for photomixing at THz frequencies. The DUT has a threshold current of 36 mA at 15°C. As shown in Fig. 3(c) , at 100 mA bias current, the two longitudinal modes are positioned at 1525.19 and 1527.97 nm, respectively, with a wavelength spacing of 2.78 nm. More than 40 dB dual-mode-to-noise suppression ratio is obtained. The DUT emission is collected in a standard single-mode fiber via fiber-to-chip grating-coupler structures in the SOI photonic circuit. The fiber-coupled output power is −10 dBm at 100 mA drive current. A fiber isolator prevents reflections back into the laser cavity. The optical signal is amplified by an erbium-doped fiber amplifier (EDFA) up to 21.5 dBm, corresponding to a photocurrent in the UTC-PD of 1.3 mA. A polarization controller (PC) is used to adjust the polarization state before the UTC-PD. An optical spectrum analyzer (OSA) allows parallel monitoring of the optical spectrum. The THz radiation emitted from the TEM-HA is collected and focused by a system of polymer lenses onto the horn of a WR 2.8 sub-harmonic mixer (260-400 GHz, MIX) [5] . This mixer is driven by a 7.5-15-GHz local oscillator (LO) followed by an active multiplier. The intermediate frequency signal centered at 404.4 MHz is analyzed using a Rhode & Schwarz FSU 67-GHz electrical spectrum analyzer (ESA).
A typical obtained THz spectrum with a resolution bandwidth (RBW) of 1 MHz is shown in Fig. 5(a) . The Lorentzian fit shows a −3 dB linewidth of 4.2 MHz. Taking into account the down-conversion losses of the mixer, the THz received power is about −30 dBm. This value approaches the required power levels for operational indoor point-to-point wireless THz communications systems handling multi-Gbit/s data rates [18] . The electrical signal-to-noise ratio (SNR) is about 40 dB. The long-term frequency drift is also reasonable, showing a peak-to-peak frequency jitter of about 28 MHz during 30 s as illustrated in Fig. 5(b) . No substantial THz power fluctuations were observed over the measurement time (30 s) indicating that stable dual mode lasing is obtained. The frequency drift is attributed to drift of the injection current in the device given the relatively large dependence of the THz emission frequency on the injection current, as discussed below. The robustness of the DUT to bias current and temperature variation was assessed. Figure 6 (a) shows the THz power for a range of bias currents between 70 and 120 mA for device No. 3 at 15°C. The effective current range (ECR) in which the THz power decreases 3 dB from its maximum is 32 mA (73-105 mA) which is quite broad due to the limited change of optical power unbalance (PU) between the two modes of the DUT as a function of bias current as shown in Fig. 6(a) . The THz central frequency increases linearly with bias current with a slope of 34.7 MHz/mA as shown in Fig. 6(b) . The linewidth of the THz signal as a function of the bias current is plotted in Fig. 6(c) . The linewidth does not change much and fluctuates around 4.5 MHz. Furthermore, the influence of the temperature on the behavior of the THz signal is also investigated in Fig. 6(d) . As the temperature increases, the effective current range shrinks and the generated THz power decreases. Device No. 3 shows reasonable performance up to 30°C with an effective range of bias currents of at least 10 mA at 30°C. However, as discussed above, at higher temperatures DFB No. 4 will start to emit dual mode. Thereby, this approach of integrating a laser array can show good tolerance against bias current and temperature variations.
In conclusion, we have demonstrated a III-V on silicon laser structure allowing THz signal generation by optical heterodyning two modes simultaneously lasing in a single DFB laser cavity. This dual-mode laser is part of a laser array that is constructed by sweeping the device length and position of the quarter-wave phase shift. Simulation results show that the device length is the dominant factor for changing the threshold gain and therefore moving the gain peak. The gradual gain peak shift guarantees that at least one device from the laser array has stable dual-mode operation. The generated THz signal has a linewidth of 4.2 MHz and a frequency of 0.357 THz, featuring good robustness against bias current and temperature instabilities. This result is the first step toward an on-chip robust and compact THz emitter fully integrated on silicon.
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